Viruses have evolved a variety of mechanisms to interact with host cells for their adaptive benefits, including subverting host immune responses and hijacking host DNA replication/transcription machineries [1] [2] [3] . Although interactions between viral and host proteins have been studied extensively, little is known about how the vial genome may interact with the host genome and how such interactions could affect the activities of both the virus and the host cell. Since the three-dimensional organization of a genome can have significant impact on genomic activities such as transcription and replication, we hypothesize that such structure-based regulation of genomic functions also applies to viral genomes depending on their association with host genomic regions and their spatial locations inside the nucleus. Here, we used Tethered Chromosome Conformation Capture (TCC) to investigate viral-host genome interactions between the adenovirus and human lung fibroblast cells. We found viral-host genome interactions were enriched in certain active chromatin regions and chromatin domains marked by H3K27me3. The contacts by viral DNA seems to impact the structure and function of the host genome, leading to remodeling of the fibroblast epigenome. Our study represents the first comprehensive analysis of viral-host interactions at the genome structure level, revealing unexpectedly specific virus-host genome interactions. The non-random nature of such interactions indicates a deliberate but poorly understood mechanism for targeting of host DNA by foreign genomes.
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Viruses have evolved a variety of mechanisms to interact with host cells for their adaptive benefits, including subverting host immune responses and hijacking host DNA replication/transcription machineries [1] [2] [3] . Although interactions between viral and host proteins have been studied extensively, little is known about how the vial genome may interact with the host genome and how such interactions could affect the activities of both the virus and the host cell. Since the three-dimensional organization of a genome can have significant impact on genomic activities such as transcription and replication, we hypothesize that such structure-based regulation of genomic functions also applies to viral genomes depending on their association with host genomic regions and their spatial locations inside the nucleus. Here, we used Tethered Chromosome Conformation Capture (TCC) to investigate viral-host genome interactions between the adenovirus and human lung fibroblast cells. We found viral-host genome interactions were enriched in certain active chromatin regions and chromatin domains marked by H3K27me3. The contacts by viral DNA seems to impact the structure and function of the host genome, leading to remodeling of the fibroblast epigenome. Our study represents the first comprehensive analysis of viral-host interactions at the genome structure level, revealing unexpectedly specific virus-host genome interactions. The non-random nature of such interactions indicates a deliberate but poorly understood mechanism for targeting of host DNA by foreign genomes. Many RNA and DNA viruses introduce DNA into the host cell nucleus. Retrovirus and lentivirus RNA genomes also enter the nucleus as double stranded DNA, which is synthesized by virion-associated reverse transcriptase in cytoplasm. The genome of DNA viruses is packaged at very high molecular density with specialized viral packaging proteins to form a capsid virion particle. Upon entering the cell nucleus, virion particles interact with host activating factors in decondensing the incoming viral DNA to initiate viral transcription and replication or establish a stable intermediate for latent infection or long-term integration [4, 5] .
After nuclear entry, the viral genomes distribute inside the nucleus through a non-random but poorly understood process. For DNA viruses, fluorescence in situ hybridization (FISH) imaging analyses show nuclear deposition of viral DNA and subsequent viral gene transcription at the periphery of Nuclear Domain 10's (ND10s), which are also known as PML nuclear bodies (NBs) and PML oncogenic domains (PODs) [6, 7] . ND10 is a highly organized nuclear structure accumulated with interferon-upregulated proteins, implicating ND10s as sites of a nuclear defense mechanism. ND10 subcompartments often reside adjacent to nuclear speckles, a nuclear domain enriched in pre-mRNA splicing factors.
DNA viruses initiate their transcription at ND10s juxtaposed to nuclear speckles. After the expression of viral immediate early gene products, ND10s subsequently become dispersed.
The dynamic co-localizations of DNA virus genomes and host nuclear domains at defined stages of viral life cycle strongly suggest a functional role of viral-host genomic interactions. However, because of the limited resolution of FISH and its low throughput, the molecular and chromatin compositions of these nuclear domains and their interactions with viral DNA are not fully characterized. Little is known about whether the virus genome associates with specific host chromosomal regions.
Extensive studies suggest that nuclear organization, including the proximity of genomic loci and their positions inside the nucleus, play important roles in regulating transcription and DNA replication [8] [9] [10] . In addition to early image-based analyses, recently developed chromosome conformation capture (3C) techniques are able to capture chromosomal interactions at fine resolution and in high-throughput (Hi-C) when coupled with next generation sequencing [11, 12] . These studies reveal a hierarchical organization of chromosome structures-including contact domains [13] , topological associated domains [14] , macro-domains [15] , and chromatin compartments A/B [12] -that can be functionally related to gene expression, chromatin modifications, DNA replication timing, etc. These studies raise the possibility that viruses may have to adapt to or alter the host nuclear environment and genome structure to regulate the viral life cycle. To reveal whether virus-host genome interactions are specific, we used a 3C/Hi-C based approach to investigate the viral host genome interactions. However, solution-based 3C methods such as Hi-C suffer from high background noise [15] [16] [17] [18] , such that rare DNA interactions, including interchromosomal contacts as well as virus-host genome interactions to be studied here, may be difficult to detect. Alternative approaches, such as the solid phase chromosome conformation capture technique, also known as TCC [15] , and the recently developed in situ Hi-C and single-cell Hi-C [13, 19] , minimize the noise levels originating from random DNA ligations and could be adopted to investigate virus-host genome interactions. In this study, we used TCC and the adenovirus/fibroblast model to explore virus-host genome interactions and its potential functional implications.
The adenovirus is a non-enveloped virus containing a linear double stranded DNA genome.
It is the first human virus that was found to cause tumors in hamster [20] . This tumor promoting activity led to extensive studies of the molecular and cell biology of adenovirus infection [21] . Among the human adenoviruses, serotype 5 (Ad5) is an extensively characterized strain, which has a ~36 kb linear dsDNA genome and encodes ~39 viral genes [22] .
Here we identified genome-wide adenovirus-host genome interactions and observed that the interactions are not randomly distributed across the host genome. Host-viral genome interactions preferentially occur in specific regions of the host genome that are associated with open and early replicating chromatin. At the same time, these regions are also enriched with specific histone modifications, such as H3K27me3, which is not normally associated with active chromatin but is critical in regulating cell differentiation [23] . Interestingly, the viral DNA attachment sites coincide with locations undergoing early host epigenome remodeling upon viral infection. We found a correlation between the observed frequencies of a host-viral DNA interaction and the extent of acetylation of H3K18 and H3K9 (in the presence of RB and p300), which are part of the observed epigenetic remodeling of the host genome upon adenoviral infection [24] [25] [26] [27] . This observation raises the possibility that the locations of viral DNA in the host genome may be mechanistically linked to the dramatic epigenetic changes in the host genome upon viral infection.
Results and Discussions

Genome-wide interactions between adenovirus and host genome
We used TCC to map genome-wide chromatin interactions between the adenovirus and host genomes. We used the small E1A (e1a) adenovirus 5 construct (dl1500) that mainly expresses the small e1a oncoprotein [28] . The 'early region 1a' (E1A) of the human Ad5 genome generates two splice variants, the smaller of which (i.e., small e1a) is responsible for activating early viral genes' expression and the virus-induced host cell transformation.
The e1a oncoprotein can drive contact-inhibited human fibroblast cells into S phase in part by displacing the RB cell cycle checkpoint protein from the E2F master transcription factors [29] without causing host nucleus destruction in the lytic infection cycle. Extensive studies have demonstrated that e1a is crucial for remodeling the host epigenome leading to oncogenic transformation of the cell [24] [25] [26] 29] . Thus, the dl1500 construct serves as a good model for our studies. TCC experiments were performed on human primary lung fibroblasts (IMR90) with and without dl1500 adenovirus infection for different durations at 6 and 24 hours post infection (p.i.). For the two datasets with virus infection, we preprocessed (Methods) the pair-end sequencing reads and aligned them to both human (hg19) and adenovirus 5 (Ad5) genomes. Pair-end reads aligned to hg19 on one end and to Ad5 on the other end were described as virus-host genome interactions (VGIs). 156,666
VGIs and 460,988 VGIs were identified at 6 and 24 hours p.i., respectively. Pair-end reads with both ends aligned to hg19 are host chromosomal interactions (CIs). For intrachromosomal interactions only pair-end reads with end reads separated by a sequence distance of at least 20 kb were considered. The absolute numbers of reads for each interaction type (CIs and VGIs) in all four datasets are shown in Table S1 . To analyze the genome-wide distribution of VGIs, the host genome was tiled into binning windows at different resolutions. Given the current sequencing depth, a resolution of 500 kb binning windows was chosen as the optimal resolution to represent VGIs at the given sequencing depth (Methods and Figure S1 ). Chromosomal interactions (CIs) were also binned to 500 kb windows to build the Observed genome-wide raw Contact count (OC) matrices.
For 3C-based experiments, the number of contacts observed for different genomic regions may be biased by differences in DNA sequence and chromatin features, such as restriction enzyme digestion efficiency, sequence mappability, GC content, etc [30] [31] [32] . Based on the "equal visibility" assumption, the genome-wide OC matrices of the four datasets were normalized by balancing the marginal sum of the matrices through the iterative correction (ICE) method to obtain the contact frequency (CF) matrices [33] (See Methods for the details of data processing). To accurately account for the VGI contact frequency, the observed raw counts of VGI were normalized by the bias vector generated from ICE normalization method (Methods). VGI contact frequencies at 6 and 24 hours p.i. were therefore represented by two contact profile vectors with dimension of 5,689 bins spanning the entire hg19 genome. The Pearson's correlation coefficient between the two vectors is 0.768 indicating that VGI positions are consistent between the two samples and are not randomly distributed. Genome-wide VGIs together with their contact frequencies are displayed in figure 1b, which shows the non-uniform distribution of VGI's in the human genome for both datasets at 6 and 24 hours p.i.
Identification of viral DNA enriched regions on the host genome
The enrichment of VGIs at a genomic region was determined by hypothesis testing with a null model assumption of multinomial distribution (Figure 1c ; Methods). As results, 222 and 731 bins were identified as viral DNA enriched bins for the 6 and 24 hours p.i. samples, respectively. 173 (79%) of the VGI enriched bins in the 6 hours p.i. data set were also found in the 24 hours p.i. sample (Figure 1d ). Since viral DNA does not replicate at early infection stages [24] , the 222 viral DNA enriched bins identified at 6 hours p.i. are likely the primary genomic locations where adenovirus DNA interacts with the host genome as it is delivered into the host cell nucleus.
Viral DNA enriched regions co-localize in 3D space prior to infection
Previous FISH imaging analyses showed that the adenovirus genome is deposited to specific nuclear domains (ND10s) at the early stages of viral infection [7] ; and that ND10s segregated equally and had symmetric positions in daughter nuclei after cell division [34] , which indicates viral DNA genome deposition follows certain chromosomal bases.
Moreover, ND10s are frequently situated next to DNA replication foci and specific gene loci [6] . These observations suggest that the viral genome prefers certain larger host chromosomal locations or subcompartments within the nucleus. Chromosome regions within each compartment tend to co-localize with other regions in the same compartment [12] . On one hand, out of the 5,689 500-kb bins in the genome, (Figure 2a ). These subcompartments could be candidates for nuclear domains associated with early viral infection, such as the previously identified ND10s [7] .
Viral DNA preferentially interacts with active host chromatin regions and chromatin regions marked by histone modification H3K27me3
The genome-wide chromosome conformation capture data of IMR90 is able to classify the host genome into at least two distinct compartments, A and B, based on the TCC interaction patterns [12, 15] . In addition to the spatial distinction between different compartments, compartment A regions are also characterized by active chromatin features including an early replication timing profile, while compartment B regions are recognized as "inactive"
regions [12, 15] . Table S2 .
We also compared VGI frequencies for regions in different cytogenic categories. The mean VGI frequency decreases with increasing Giemsa staining levels (for bins in categories ranging from "gneg" to the "gpos100" cytogenetic categories) (Figure 3c ). Centromeric stained regions (categorized as "acen" in Figure 3c ) are heterochromatic and have the lowest average VGI frequencies. This observation also suggests that the adenovirus genome interacts less frequently with heterochromatin and much more so with active euchromatin regions.
We further analyzed the viral-host genome contacts in the context of data from DNase I hypersensitivity assays ( Figure S2 ) and ChIP-seq assays of various histone modifications H3K27ac, H3K79me1 and H3K79me2 [35, 36] . Histone modifications H3K27ac and H3K4me1 were previously shown to be defining features of active enhancer regions [36] .
Even the 74 VGI regions classified as being part of the B compartment (denoted as VGI_B in Figure 3d ) showed higher fold change for histone modifications associated with active open chromatin (i.e. H3K27ac, H3K4me1, H3K4me2, etc.) compared with the chromatin regions in the B compartment (denoted as B in Figure 3d ). In addition, we observed a strong negative correlation (Pearson's correlation coefficient = -0.39 in Figure S2 ) and a depleted fold change (fold change = 0.5 in Figure 3d ) between the VGI frequency profile and the occurrence profile of histone modification H3K9me3, which is a marker for heterochromatin regions [37, 38] . These observations suggest that viral DNA-host genome Interestingly, histone marker H3K27me3, which is associated with Polycomb-group silencing [35, 23] , is strongly enriched in the VGI genomic regions (VGI, VGI_A, and VGI_B in Figure 3d ), even though it antagonizes H3K27ac, a histone modification enriched in compartment A but not in compartment B regions and associated with gene activity [39] . Given their opposite transcriptional activities, it is intriguing that both Relations between viral DNA contacts and DNA replication Viral DNA replication occurs within defined regions of the host cell's nucleus [40, 41] . These observations suggest that the adenovirus genome prefers to interact with the host genome's early replication regions.
Infection with the dl1500 adenovirus will drive arrested fibroblast cells into S phase [25, 21] .
To see if the host genome replication driven by dl1500 adenovirus infection spatially colocalizes with positions of viral DNA attachments, we performed BrdU-seq experiments in 24 hours p.i. IMR90 cells following experimental procedures as previously described [42] . Figure S3 ; p-value less than 10 -16 ), we cannot determine if host genome replication at 24 hours p.i. is either due to its intrinsic early replication timing or driven by viral activities. Based on the BrdU-seq data, we observed that the majority of the DNA replication activities happened to the virus genome, which is likely the result of high MOI value of virus infection [21] . Therefore, the fact that more genomic regions are identified with VGI enrichment in 24 vs. in 6 hours p.i. (731 vs. 222) could be due to extra viral genome load at the later time point.
Remodeling of epigenetic features in the VGI enriched host genomic regions
Since small e1a alters global patterns of specific histone modifications in the host genome [24] [25] [26] , we compared ChIP-seq data of various histone modifications before and after adenovirus dl1500 infection. We found that VGI enriched genomic regions undergo dramatic changes in their epigenetic chromatin features upon viral infection (Figure 4d ).
The host lysine acetylase p300 binds to VGI enriched regions after infection. p300 interacts with the retinoblastoma (RB) proteins, which together with e1a (the p300-e1a-RB complex) function in repressing selected host genes involved in anti-viral defense [27] . Reduced fold changes of H3K27ac and H3K4me1 were observed in the VGI enriched genomic regions after infection (Figure 4d ), indicating that VGI regions coincide with locations of host epigenome remodeling. In addition, the histone modification profile of H3K18ac before infection is strongly anti-correlated (Pearson's correlation coefficient = -0.44) with the VGI frequencies at early infection (Figure 3d, 4d, S2) . Upon viral infection small e1a causes a substantial (~70%) reduction in cellular levels of H3K18ac and specifically, the elimination of essentially all H3K18ac ChIP-seq peaks at promoters and intergenic regions of genes related to fibroblast functions [25, 26] . Meanwhile, the small e1a also induces the appearance of new H3K18ac peaks at promoters of highly induced genes associated with cell cycle control and at new putative enhancers [26] . It is interesting to see that the viral genome preferentially interacts with the host genome at positions deprived of H3K18ac at early stages of infection. And after 24 hours of infection, H3K18ac is enhanced at such VGI genomic regions in the presence of RB and p300 (Figure 4d, 4e ). These observations suggest that acetylation of H3K18 [25] , may be related to the binding of the adenovirus genome or shows similar preference for chromatin regions associated with viral genome interactions. Besides H3K18ac, enrichment is also found for H3K9ac in the VGI enriched genomic regions because of the general colocalization of these two histone acetylation marks [26, 43] .
The above observations suggest that virus genome attachments to the host genomic regions coincide and may even potentially induce epigenetic changes during adenovirus infection. 
Conclusions
In this study, we have analyzed the global physical interactions between the adenovirus genome and host fibroblast genome using tethered chromosome conformation capture. Our analyses indicate that virus-host genome interactions occur at specific genomic locations. TCC experiments were performed as previously described [15] .
Preprocessing TCC sequencing output
Sequencing libraries prepared from TCC experiments have unique features because of a number of special enzyme treatments. In this section, preprocessing of the raw sequencing reads prior to alignment is described.
Adjusting for sequencing lariats TCC experiments use exonuclease III to remove the free DNA ends' biotin before pulling down of DNA ligation junctions. This step may produce a significant amount of single strand DNA, which can potentially form hairpin structures during preparation of the sequencing library. When performing DNA end repair, 5 prime overhang of hairpin structure will be filled in, which cause the initial sequence of read 2 to be identical to what from the read 1 and eventually lead to significant amount of alignment failures. We name this type of errors as "sequencing lariats" which is unique for TCC experiments. To attenuate the effect of these errors, we run a program to search for identical initial sequences between read 1 and read 2 and trim the identical sequence from read 2 before performing the alignment. This trimming step significantly increased the percentage of alignable reads.
Filtering of ligation junctions
Informative sequencing results are the ligation products of different DNA fragments resulted from restriction enzyme digestion. Depending on the sites of DNA shearing, sequencing reads may surpass the ligation junctions of certain DNA fragments. These reads may be unable to align to the genome because of the chimeric ligations. In order to improve the alignment efficiency, we run a program to scan for HindIII ligation junction (expected to be "AAGCTAGCTT" after end filling-in and blunt-end ligation) and allow one base of mutation or deletion considering restriction enzyme star effect) and removed all bases after the 3 prime midpoint of the junction. This filtering step also led to bigger portion of successfully aligned reads.
Raw sequencing reads after the previous two steps of filtering are aligned to hg19 and Removing non-informative pairs Two types of sequencing read pairs that do not contain any information about the spatial organization of the genomes and viral-host genome interactions can be readily identified.
The first type consists of pairs that are a result of PCR amplification of a single DNA molecule (PCR duplication). These pairs can make a contact appear more frequent when it has only been amplified more efficiently in the PCR. A group of read pairs that are a result of PCR duplication align to identical positions on both ends. All but one pair in such groups were removed from the catalogue.
The second type consists of pairs that originate from DNA molecules that do not include a ligation junction, yet they bind to the streptavidin-coated beads either non-specifically or as a result of incomplete exonuclease action in removing terminal biotins. After sequencing, these molecules result in pairs that align just 300-700 bp apart to opposite strands of the reference sequence of the genome (the size range depends on the size range used during gel-extraction). All such pairs were removed from the catalogue of each dataset.
Splitting test for filtering low coverage bins of TCC observed contact (OC) matrix and choosing optimal resolution to visualize VGI contact profile
Difference in chromatin accessibility of genomic locations leads to difference in sequencing depth and coverage, which requires special considerations in most of the sequencing based genomic analyses [44] . For TCC and Hi-C studies, because of lowcoverage in 2D contact matrices, sequencing depth is one of the key considerations. Values of low coverage matrix entries won't converge during iterative normalization [33] , which leads to spurious contact frequencies ( Figure S4 ).
Splitting test for TCC OC matrix
To define matrix bins of low coverage, we performed a "splitting test" on the TCC OC matrix, which will divide the data matrix into two matrices by randomly dividing the unique read counts per entry bin (with value n) following a binomial distribution (x ~ binom(n, p=0.5)). The pair of matrices will be used to test if contact profiles at the given bin resolution are reproducible. Several pairs of matrices will be generated by independent splitting test of the original data. Splitting tests were performed on matrices from all of the four TCC datasets.
Intrachromosomal contacts are not random and maintain specific patterns in interphase cells [12, 15, 45] . Therefore, the Pearson's correlation between the corresponding pairs of intrachromosomal contact profiles in both split matrices should be close to +1 if the bin size is adequately chosen with respect to the available sequencing coverage. Splitting tests showed that at 500kb bin resolution, the pair-wise Pearson's correlation converges to +1 at 1%~2% percentiles. Bins with correlations in the lower 1%~2% percentiles will be removed from the matrices.
Splitting test for VGI contact vector
To determine the optimal resolution to present the viral-host genome interactions (VGIs),
we performed the same binomial splitting for the VGI contact vector entries and compared the pairwise correlations at a series of different resolutions. Each VGI contact vector was split independently 20 times to test the consistency between the splitting tests. Similar as interchromosomal interactions, VGIs are more uniformly distributed than intrachromosomal interactions. Therefore, pairwise Pearson's correlation of VGI splitting tests do not converge to 1 at any resolutions in either one of the two datasets (6 hours pi and 24 hours pi). So here we choose a reasonable resolution of 500kb, when the pairwise correlations are generally high and starting to converge ( Figure S1 ).
Bias correction of TCC datasets
Iterative correction of TCC OC matrix TCC OC matrices of the four datasets are normalized through the iterative correction (ICE) method to remove experimental biases [33] . As described in the ICE method, the diagonal of each OC matrix was removed. Also all intrachromosomal interactions with genomic distances less than 20kb were removed, which removes potential self-looping contacts and dangling ends artifacts between consecutive bins. OC matrix bins with low sequencing . The bias vector V n was also scaled to & = 1
( &GF to serve as the probability vector in identifying VGI enriched regions on the host genome.
Identification of VGI enriched genomic regions by hypothesis testing
A multinomial null model assumption was used for the VGI contact distribution on genomic locations with Mult k (n, p), for which k is the number of binning windows (k=5,644), n is the total number of observed VGIs for the 6 hours pi and 24 hours pi sample, and p is the binning windows' probability vector (p 1 , p 2 , …, p k ), which is proportional to the OC matrix bias vector generated by the ICE normalization. Bins with significantly higher number of VGIs than expected by the random null model distribution were defined as VGI enriched with a false discovery rate (FDR) of less than 10 -4 . The FDR was calculated by applying the same statistics to two randomly generated null models given different p-value thresholds.
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